Composite pellets utilizing iron and carbon bearing process waste materials obtained from the integrated steel mill was reduced in a simulated RHF (rotary hearth furnace) reactor at 1 523 K and 1 573 K to produce DRI (direct reduced iron) pellets with sufficient size, reduction degree, compression strength, and zinc removal as an iron and carbon substitute for the blast furnace. To obtain DRI sizes of more than 4.75 mm, bursting tests of composite green pellets with moisture were done and found to be dependent on the water content and initial charging temperature into the RHF. Bursting of composite green pellets with water content was dependent on the charging temperature. At a charging temperature of 1 273 K and 1 473 K, water content at 1 mass% and above resulted in pellet bursting, but at 1 073 K, water content only above 5 mass% resulted in appreciable pellet bursting. The compressive strength at various temperatures showed composite pellets containing carbon of 5.3 mass% can achieve blast furnace useable DRI at reduction temperatures of higher than 1 473 K, but composite pellets containing carbon of 8.3 mass% required reduction temperatures higher than 1 573 K. Optimum carbon of the composite seems to be at 9 mass% with a residual carbon content of less than 1 mass%, which results in a reduction of 80-90% with a compression strength of above 120 kg. This optimum condition has also shown Zn removal for the DRI to be above 85%. Higher (%C)/(%VM) showed lower reduction degrees indicating that increased volatile matter from the carbon source aided in higher reduction.
Introduction
The steel industry has actively been a partner with the global society in decreasing the amount of environmental pollution in its overall process. In the past, the process wastes including dust, sludge, and slags were treated and land filled in remote locations, but the cost was seemingly high and its impact on the surrounding environment was detrimental. To decrease the impact on our unsuspecting environment and lower costs, recycling of process wastes rich in iron and carbon materials through new technology has been developed. One such proven technology is the RHF (rotary hearth furnace) process, where composite pellets of iron oxide and carbon are reduced at moderately high temperatures to produce DRI (direct reduced iron). [1] [2] [3] [4] [5] [6] [7] [8] Typical RHF processes utilize iron ores with steaming coals as the reductant, but as higher priority is given to recycling and utilizing process wastes to lower production costs and the overall CO2 emissions from steelmakers, the raw materials in the composite pellets have been substituted with process wastes such as sludge and dust from the integrated steel mills. The iron and carbon sources with additions of binders are either pelletized or briquetted for reaction within the RHF. Unlike the typical route, the use of process wastes in this RHF process has brought about significant issues that have limited production. Some of these issues include pellet bursting, volatilization, increased fouling of heat exchangers and wear of screw discharge devices, lower reduction degrees, and lower physical strength. These issues are sometimes reduced by controlling the initial physical strength and porosity of pellets and briquettes as observed during operation of the RHF.
Reduced composite pellets are typically incorporated into the converter or the electric arc furnace (EAF) as a substitute for hot metal and scrap, which require high metallization rates, low sulfur, and low phosphorous due to the limited refining ability. However, higher metallization rates required increased carbon contents, which can subsequently increase the sulfur concentration of the DRI. In addition, higher metallization ratio also lowers the productivity of the RHF process due to the higher operating temperatures of the hearth and longer reaction times. Thus, utilizing highly metalized cold DRI in a combined process of the RHF and primary steelmaking have been relatively uneconomical for the steel industry.
But recent work done by McClelland 9) and Duarte and Becerra 10) showed successful application of DRI with lower © 2012 ISIJ reduction degrees and comparatively higher sulfur into the blast furnace (BF) produced from the RHF process with recycled waste material. Furthermore, Ibaraki and Oda 11) showed similar results along with improved zinc removal efficiency being another advantage of using the RHF process with recycling dust and sludge to produce DRI for the BF. It appears that the reduction potential, refining ability, faster melting of DRI, and lower CO2 emissions are significant advantages of utilizing high sulfur containing DRI in the BF produced from iron and carbon bearing waste materials using the RHF. However, raw materials supplied to the BF typically require significant physical strength of more than 120 kg, but DRI used for the typical converter and EAF is approximately only 60 kg, which is not sufficient to support the continuous and dynamic load applied to the DRI in the BF. 12, 13) Moreover, as reduction takes place in the BF, the physical properties of the DRI dynamically change. Work done by Tsujihata et al. 14) and Gupta and Gautam 15) using hand-rolled pellets have shown that the cold compression strength significantly decreased from 200 kg to 40 kg with higher reduction and slightly increased to 50 kg at the final stages of reduction as a result of sintering and fusion between the reduced iron clusters.
Therefore in this investigation, the relationship between the reduction degree and the strength of DRI pellets using iron and carbon bearing iron wastes from POSCO has been studied. The results of this study should allow optimum operating conditions of the eco-friendly RHF recycling process schemes for applications into the BF as a substitute for iron bearing materials to increase the BF production and lower the fixed carbon requirements and subsequently the overall CO2 emissions within the integrated steel mill.
Experimental
To simulate the reactions occurring in a typical RHF type furnace and in particular the dominant heat transfer mechanism of radiation as described by Sun et al. 16) and others, [17] [18] [19] an infra-red gold image vertical furnace and quartz tube was used to both rapidly heat and cool the pellets placed as a single layer on a stainless steel dish as shown in Fig. 1 . The pellets were manufactured from the sludge and dust obtained within the integrated steel mill at Pohang Works of POSCO.
Preparation of Composite Pellets from Recycled Sludge and Dust
The chemical composition of the various sludge and dust used in the experiment is given in Table 1 . Due to the nature of the recycled process waste, the sludge and dust can also contain chlorides such as CaCl2, KCl, and NaCl that have not been accounted for in the chemical analysis. Fe bearing components have been analyzed using a wet analysis technique discussed in the next section and the remaining oxides were analyzed using an XRF. Carbon was measured after devolatilization in a C/S combustion analyzer. The sludge and dust is dried at 378 K for 24 h in a drying oven and mixed in a high speed mixer (Eirich Mixer) to control the composition of the composite pellet as listed in Table 2 . The mixed materials are continuously supplied into a 60 cm diameter pan pelletizer rotating at 15 RPM (revolutions per minute) at a 50 degree angle with spraying water. Pellets with an initial size range of 12.5 to 13.2 mm and true densities between 3.63 to 6.36 g/cm 3 were selected for reduction tests. Less than 2 mass% bentonite was premixed as a binder to produce the green pellets described. Although ben- 20) bentonite can improve the green pellet strength. Before reduction in the RHF simulator furnace, pellets were oven dried at 378 K for 12 h.
A dozen dried pellets weighing approximately a total of 36 g were placed within the stainless steel dish and heated to the target temperature between 1 273 and 1 573 K from room temperature within 5 minutes under high purity nitrogen (99.999% N2) at a flow rate of 10 slpm. After reaching the target temperature, the pellets were further reacted for an additional 10 minutes. This procedure is followed to maintain consistency within different carbon containing pellets and simulate the actual RHF process variables. The pellets were then furnace cooled and removed from the quartz reaction tube below 373 K and tested for reduction degree, strength, and void fraction. Identical cooling procedures are used for all subsequent experiments.
Reduction and Void Fraction Analysis
The reduction degree (RD) was measured using a wet analysis technique separating the analysis of metallic Fe, Fe 2+ and Fe
3+
. From the measured amount of Metallic Fe, Fe 2+ and total Fe by proven titration methods, 21-23) the following equation (1) 
Measurement of the Pellet Compressive Strength
The compressive strength of the reduced pellets were test- ed using a compressive strength machine (Shimadzu, AGS-500G; Japan) at a velocity of 10 mm/min at 500 kg load.
The average values of ten pellets were taken as the representative value for the reduced pellets.
Results and Discussion

Effect of Moisture Content on Composite Pellet
Bursting Green pellets that are spread on the hearth floor are heated rapidly in a RHF. If the pellet has moisture, the water rapidly evaporates and the water vapor increases the inner pressure within the pellet. Preliminary experiments in a box furnace held at 1 073 to 1 373 K with pelletized green pellets with approximately 7% moisture content showed rapid heating to cause bursting of composite pellets within a few seconds as shown in Fig. 2 . Non-bursting pellets were only observed for green pellets that were sufficiently dried and heated at relatively lower temperatures of 1 173 K and below.
When this bursting occurs within the hearth of the RHF, the raw materials of the composite pellets will accumulate on the hearth and form a dense layer of sintered materials that will increase the premature wear of the screw discharge vanes and inhibit the discharge of DRI. In addition, the formation of rock-like sintered materials on the hearth will cause an uneven surface of the floor resulting in non-uniform pellet layers and subsequent issues with reduction. Thus, the amount of water content within the composite pellets was also identified before inserting the pellets into the RHF reduction simulator. Figure 3 shows the effect of moisture content in green pellets on the bursting phenomena rapidly heated to various temperatures between 1 073 and 1 473 K. The yield of the reduced composite green pellets with significant water content was defined by those pellets with diameter of 4.75 mm and higher similar to the typical characteristic conditions of sinter ore. With higher bursting, the DRI can be much smaller than 4.75 mm and lower the yield of DRI applicable for the BF operations. In the blast furnace operations of POSCO, the sinter size to be applicable for use in the BF has been limited to above 4.75 mm in order to maintain stable gas permeability. Sinter sizes smaller than 4.75 mm is not considered viable for use in the BF. Thus, DRI pellets with sizes above this limit were chosen and the vertical axis in Fig. 3 indicates the yield of the green pellets after reduction. Optimal RHF process conditions would require the maximum yield. At a charging temperature of 1 073 K, water contents of less than 5 mass% resulted in DRI yields of 95% and higher, which is acceptable for the RHF process to produce BF grade DRI. However at temperatures of 1 273 K and higher, achieving yield levels of 95% and higher require a water content of less than 1%. Thus in order for RHF operations to effectively produce DRI pellets with minimal losses to the bursting phenomena, composite green pellets should be sufficiently dried to less than 1% water content or charge the green pellets at temperatures lower than 1 073 K.
Effect of Temperature on the Reduction and Compressive Strength
The mechanism of iron oxide-carbon composite pellets has been extensively studied by several researchers. 16, 18, 19, 24) In the RHF, the major rate controlling mechanism has been assessed to be the heat transfer to the reacting interface due to the endothermic nature of the carbon gasification reactions. Higher temperatures increased the driving force for radiative and conductive heat transfer and also promoted higher metallization of the DRI. But excessive temperatures may also cause partial melting and softening that can stick to the hearth and reduce operational stability of the RHF.
The effect of temperature on the reduction degree and its subsequent strength has been studied by Tsujihata et al. 14) and Gupta and Gautam 15) for hand-packed pellets with iron ore and coke fines. Their results indicated higher compressive strength due to increased sintering at higher temperatures. Unlike the hand rolled pellets by previous works, which are not representative of industrial conditions observed in the RHF, pelletizers were incorporated in this study to provide a more homogeneous dispersion of the mixture and be more applicable to an industrial scale.
Pellets containing 5.3 and 8.3 mass% total carbon was placed in the furnace and reacted under nitrogen with varying temperatures from 1 273 to 1 573 K using the aforementioned experimental procedure. As shown in Fig. 4(a) , higher carbon content resulted in higher degrees of reduction within the pellets. The reduction degree was also enhanced with higher temperatures for both 5.3 and 8.3 mass% containing pellets. (Sample 1 and 17 of Table 2 ) At temperatures above 1 523 K, the final reduction degree showed little change for both the 5.3 mass% and 8.3 mass% carbon containing composite pellets. The direct cause of this phenomenon has yet to be fully understood, but it may be related to the pore obstruction due to the softening of the pellet and partial sintering at higher temperatures and subsequent densification of the pellet, which can inhibit the indirect reduction of the pellet at the later stages of reduction by the carbon gasification reaction. The sintering phenomenon of the composite pellets is qualitatively shown in the SEM micrographs of partially reacted pellets in Fig. 5 and from the change in the mean diameter of reduced pellets presented in Table 3 sintered from an initial diameter between 12.5 to 13.2 mm. The pores at higher reaction times and higher reduction degrees showed fewer and smaller pores compared to the pore structures before the reaction.This pore obstruction of composite pellets at the final stages of reduction has also been noticed by several researchers. 19, 27, 28) Composite pellets reduced at various temperatures and furnace cooled was placed in the compression tester. In Fig.  4(b) , the results suggest reduction at temperatures below 1 473 K will not provide the strength needed for DRI application into the blast furnace. In addition, the amount of carbon contained in the composite pellet can dramatically affect the physical strength of the pellet. In the 5.3 mass% C containing pellets, pellets reduced above 1 473 K satisfied the 120 kg minimum strength required for BF application, but for composite pellets containing 8.3 mass% C, temper- atures above 1 573 K was required to obtain the appropriate strength. Although the reduction degree for the 5.3 mass% C was lower than the 8.3 mass% C pellets, the DRI strength showed higher values. This unexpected phenomenon is speculated to be a result of the competition between the pore formation by the reduction and sintering of the metallic iron clusters, available excess carbon within the pellet, and molten slag formation. As reduction progresses, iron clusters will form and the contacting individual iron clusters will form interconnected metal-metal bonding and sintering thus increase the overall compressive strength, but higher initial carbon content of 8.3 mass% can have higher concentrations of unreacted carbon compared to the 5.3 mass% containing pellets that can inhibit the contact between the iron clusters and lower the overall sintering of the pellet. Further studies on this is warranted, but is beyond the scope of this study. It should be noted that preliminary work done at temperatures higher than 1 573 K for the composite pellets showed some softening and partial melting of the slag in the DRI, but the composition of the slag must be such that these oxides are within the low temperature region. Within the composition of the present study given in Table 2 , no molten slag phases were observed, but if molten slag were to form it may inhibit reduction of the composite pellets by clogging the pores and reduce the permeability of the reducing and product gases to and from the reaction sites. The results showed that both the reduction temperature and the initial carbon content can dramatically affect pellet strength. Higher reduction degree results in increased metal and sintering between particles and subsequent increase in strength, but excessive carbon content can lead to excessive void fractions within the pellet that decrease the pellet strength as was also observed by Gupta and Gautam. 15) Details of the pellet strength with carbon content and slag composition is discussed in detail later.
Therefore, considering the degree of reduction and change in the compressive strength as a function of temperature, the production of DRI in the RHF should likely be controlled within a temperature window of 1 523-1 573 K and all subsequent experiments were conducted at 1 523 K and 1 573 K. The range of carbon content needed to achieve both appreciable reduction and physical strength of the DRI will be explained in the following section. 
Effect of Carbon Content on the Reduction and Compressive Strength
The reduction degree of iron oxide as a function of the initial carbon content at temperatures of 1 523 K and 1 573 K is shown in Fig. 6 . The dashed line is a guide to help readers identify the trend for the reduced composite pellet reacted at 1 573 K and a residual carbon content of less than 1 mass%. Higher initial carbon content resulted in higher reduction degrees. Lower residual carbon content represented by the solid and open square symbols resulted in higher reduction degrees in the composite pellets. In addition, composite pellets reduced at 1 523 K showed comparatively higher reduction degrees compared to composite pellets reduced at 1 573 K. In the present study, composite pellets containing between 4.1-9.5 mass% C, which corresponds to (C mole%)/(O mole%) of 0.29-0.77, could not be fully reduced at 1 523 K due to the kinetics of the reaction and insufficient amount of carbon for complete reduction of iron oxide. At higher temperatures of 1 573 K, composite pellets containing more than 9.9 mass% C, which corresponds to (C mole%)/(O mole%) of 0.79, resulted in complete reduction of iron oxide. In particular, reduced pellets with similar initial carbon contents, which had a residual carbon content of more than 1 mass% C, showed comparatively lower reduction degrees compared to reduced pellets with residual carbon content of less than 1 mass% C. This difference in reduction degree is likely to be the effect of the carbon reactivity and other reducing agents within the composite pellet. Figure 7 shows the residual carbon content and the reduction degree in the partially reduced pellets with initial carbon between 9.3 to 9.5 mass% as a function of (% Carbon content)/(% Volatile matter) ((mass% C)/(mass% VM)). The volatile matter typically contains reducing agents of reactive carbon and hydrogen, which may assist in the reduction of the composite pellets. As (mass% C)/(mass% VM) increases, the residual carbon content increases and the reduction degree decreases. Furthermore, even at similar initial carbon contents, the difference in the residual carbon contents and reduction degree between the results at 1 523 K and 1 573 K becomes more pronounced with higher (mass% C)/(mass% VM). This indicates that the reactivity of the different carbon sources within the various waste material is significantly different and higher VM within the composite pellets maybe more advantageous in the increasing the reduction degree. These results are comparable to the work of Sohn and Fruehan 18) and others. 19 ) Figure 8 shows the effect of carbon content on the removal of Zn. Higher carbon and temperatures provide higher Zn removal and this is similar to the reduction behavior of iron oxide in Fig. 7 . Moreover, it seems that Zn removal rates of higher than 90% can easily be achieved at temperatures of 1 573 K and higher, but is not as sensitive with carbon reactivity as iron oxide. This seems to coincide well with the general thermodynamic tendency of zinc oxide being more easily reduced than iron oxide. Figure 9 shows the compressive strength of DRI with various residual carbon as a function of initial carbon content at temperatures of 1 523 K and 1 573 K. The general trend seems to show a concave relationship, where the compressive strength increases with higher carbon content showing a maximum at approximately 8 mass% C and subsequently decreasing above 8 mass% C. DRI with residual carbon contents exceeding 1 mass% did not satisfy the min- Fig. 6 . Effect of carbon contents on the reduction degree of iron oxide.
Fig. 7.
The relationship of the residual carbon content and reduction degree as a function of (mass% C)/(mass% VM) reduced at 1 523 K and 1 573 K. Fig. 8 . Effect of initial carbon content on the removal ratio of Zn from reduced composite pellets. © 2012 ISIJ imum compressive strength required for the BF. However, DRI with residual carbon of less than 1 mass% and initial carbon content between 5 to 9 mass% showed compressive strengths higher than 120 kg for both 1 523 K and 1 573 K, which is applicable to the BF operations. Although Fig. 6 indicated higher carbon content at 1 523 K and 1 573 K increases the reduction degree, Fig. 9 showed the compressive strength to decrease beyond 8 mass% C. Thus, an optimum carbon content that satisfies both the reduction degree and sufficient compressive strength (> 120 kg) is likely to exist. For the particular dust and sludge combination in the present study, the optimum initial carbon content seem to be in the range of 5.5 to 10.0 mass%. Above 10 mass% C, the reduction degree does slightly increase, but there will be excess carbon that will form pores in the pellet without additional metal formation and a significant increase in the void fraction and a decrease in the compression strength will occur. In addition, excessive concentrations of carbon can result in decreased energy efficiency due to excess endothermic reactions from carbon gasification. Increased reduction degree will result in higher compressive strength of the pellet, but within the same reduction degree excessive carbon content can also reduce the strength due to the increase in porosity of the pellet. The relationship between the porosity of the reduced pellet and the compressive strength is shown in Fig. 10 . There are some deviations in the results, but the compressive strength of the reduced pellets seems to decrease with higher porosity. Therefore, considering the compressive strength showed different tendencies as a function of carbon content below and above 8 mass% carbon, the strength of reduced composite pellets will be a balance between the strengthening from sintering of metallic Fe and the weakening from increased porosity. However, the deviations in the reduction degree with carbon content was not significant, but the deviations in the compressive strength as shown in Fig. 9 seems to be more pronounced, which seem to suggest that the DRI compressive strength is not only a function of the sintering behavior of the metallic Fe and the porosity of the pellet, but also other variables not apparent in the overall reduction mechanism. In Table 2 , the chemical composition of the various samples are provided and show that the recycled waste materials within the integrated steel mill result in compositional variations not observed for typical iron ore/ coal char composite pellets. These inadvertent materials may form low temperature liquid melts that can act as binders for sintering and affect the pellet strength. Further investigations involving these additional materials within the composite pellets are beyond the scope of this paper, but will be a topic in subsequent research work.
Relationship between Reduction Degree and Com-
pressive Strength The effect of carbon on the compression strength of the pellet seems to be related to the reduction degree of the pellet at temperatures of 1 523 and 1 573 K. The reduction degree as a function of carbon content in the composite pellet was given in Fig. 6 . As expected, higher carbon content at higher temperatures resulted in higher reduction degrees. In Fig. 11 , the compression strength of the composite pellet with various residual carbon content reduced at 1 523 K and 1 573 K is presented as a function of the degree of reduction. For a compression strength of more than 120 kg applicable to the BF which is indicated by the horizontal dotted line, the optimum degree of reduction for the composite pellet seem to be in the range of 45 to 75% with a residual carbon content of less than 1 mass%, as shown by the square symbols in Fig. 11 . DRI with residual carbon contents above 1 mass% showed compressive strengths to be lower than 120 kg independent of the reduction degree. The results suggest that the optimum carbon concentration to be in the range of 5 to 10 mass% from Fig. 6 . However, Fig. 8 showed Zn removal rates of 90% and higher can be achieved at process temperatures of 1 573 K and higher carbon content. Thus, initial carbon content of 9 mass% for composite pellets maybe advantageous to obtain both the compressive strength and Zn removal.
Conclusion
In this study, process waste materials obtained from the integrated steel mill was used in a simulated RHF reactor to produce DRI pellets with sufficient reduction degree and compression strength and increase the zinc removal rate at reaction temperatures between 1 523 K and 1 573 K. The optimum carbon content of the composite pellet seems to be at 9 mass%, where the reduction degree was approximately 80-90% with a compression strength of above 120 kg. Bursting of composite green pellets with water content seem to be dependent upon the charging temperature. At 1 273 K, water content above 1 mass% resulted in pellet bursting and at 1 073 K, water content above 5 mass% resulted in pellet bursting. The compressive strength at various temperatures showed the composite pellets containing carbon of 5.3 mass% can achieve blast furnace useable DRI at reduction temperatures of higher than 1 473 K, but composite pellets containing carbon of 8.3 mass% required reduction temperature of higher than 1 573 K. Higher (%C)/(%VM) showed lower reduction degrees indicating that increased volatile matter of the carbon source aided in higher reduction.
